We present a framework to design force fields that drive particles to follow a path under the physics-based animation system. In this framework, a user interactively specifies the desired path, represented by a Bezier curve using a GUI and the attraction force that drives a particle toward the target location. Then, the framework automatically defines the steering force to make a particle follow the desired path. To this end, we use B-splines to define the steering force that best approximates the user-specified path. We demonstrate the effectiveness of our method by showing a large number of particles following the desired path and forming an animated human figure. Our method creates a stable behavior of particles and is fast enough to run in real time.
Introduction
In recent years, feature films or interactive computer games require more expressive animation of rigid bodies than a plain and passive simulation of them. For example, directors or game designers might want rigid blocks to be placed at some specific locations after the collapse of a pile of the blocks or even move them in a lively manner. For this, the rigid bodies need to be self-animating rather than remain as passive objects.
A typical approach to make an active motion of objects in physics-based animation is to employ control mechanisms. Computer graphics researchers have developed various control methods in this regard. While most of them are for intelligent characters such as humans and animals, some are for passive objects such liquid, 1, 2 gas, [3] [4] [5] or rigid bodies.
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Notably, many of these control mechanisms are unsuitable for real-time applications such as interactive games and virtual reality systems. In this paper, we focus on developing a real-time control mechanism specifically for active particle systems under the framework of physics-based animation. To this end, we employ the concept of force fields that efficiently determine the applied force as a function of the distance of a particle. The force field has several advantages: It allows for placing particles anywhere in space because the force field is defined globally, and many interesting phenomena, such as collision and user interaction, can be incorporated in the form of additional forces in a straightforward manner.
Typically, a force field applies forces to the particles only in the gradient direction of a potential function, either attracting or repelling particles to or from the center of the potential field. This creates only rather simple motions of particles and does not meet the need to generate more expressive motions. To overcome this limitation, we determined the applied force as the sum of two forces: Attraction force and steering force. The attraction force drives a particle toward the attraction point, similar to the conventional force defined by a potential function. The steering force, however, pushes the particle in the normal direction to the attraction force, creating interesting behaviors by the particles.
We developed an interactive GUI in which a user can specify the desired path for a particle to follow to reach the target. The user-drawn path does not specify the start and end positions for a particle. Rather, it represents the overall shape of a particles movement towards the attraction points. By analyzing the user-drawn path, our system constructs functions to compute the steering force to realize the desired path.
The remainder of this paper is organized as follows: In Sec. 2, we discuss relevant previous work. Section 3 describes our main contributions to controlling particle motions. We present experimental results in Sec. 4. Section 5 concludes the paper.
Related Work
In computer graphics, research on particle simulation has started generating motions of passive objects. Reeves 9 introduced a technique to animate and render irregular objects, such as fire, using particle systems. Later, several researchers used particle system to simulate fluid 10 and sand. 11 All have focused on simulating passive particles.
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Reynolds 12 developed an active particle system, called boids, to simulate interesting group behaviors such as flocking of birds. The concept of boids extends Reeves particle system by replacing the dot-like particles with geometric objects that have orientations. Reynolds' flocking mechanism uses three forces separation, alignment, and cohesion that are determined by the distance and direction of the nearby boids. It prioritizes the forces and chooses a force to apply in the order of the priority. This prioritized approach is effective for crowd simulation, 13 but it may create jitters if used in a physics-based simulation framework because of the discontinuity of forces. Therefore, instead of prioritizing forces, our approach is to apply all the forces to a particle and control the magnitudes of the forces appropriately, as a function of a distance between particles and the target shape. After the work of Reynolds, many researchers have put efforts to improve active particle systems to create advanced features in animation. Anderson et al. 14 developed a method to put hard constraints on the agent's behaviors. An initial set of trajectories are generated such that they exactly meet the constraints but may violate the behavior rules, and then new animations are created to improve the initial motion with respect to the underlying behavioral model. The goal is obtained through a sampling-based approach, which unfortunately requires a significant compute time. Other methods such as group motion graph 15 and adjoint method 16 have advantages in terms of smaller computational cost and greater freedom in posing constraints.
In the work most closely related to ours, Xu et al. 17 generated constrained 3D
shape surface of dynamic flock animation with a two-stage process: In the first pass, uniform surface sampling is used to create a destination for each agent in the flock. In the second pass, the agent is driven to the target shape by a local fuzzy logic that controls the steering forces and control forces. In addition, users can create a global path along which the flock can migrate in coherent manner from one shape to another. In the same fashion, Wang et al. 18 integrated flock animation with a shape morphing algorithm. The flock agent was generated through tetrahedralization of a source mesh. Each tetrahedron was driven by two-phase velocity control that creates flock morphing animation. It follows a user-specified path until the target mesh emerges, formed by the same set of tetrahedrons. Gu and Deng 19 also introduced a method for controlling morphing, which is implemented in crowd simulation for freestyle group formation using intuitive user interface. In their work, global trajectory control and local trajectory control are used to drive the agents into the target positions. All the above methods deal with only a static target shape and the user-drawn path is specifically used as a trajectory for a flock to reach the target point. By contrast, we do not pay a particular attention to the target shape of the particles: Our target shape is a human skeleton although our method is not limited to only skeletal shapes. Instead, we focus on the problem of how to generate necessary force given the target global path as well as an attraction force towards the attraction point.
Particles are also used to simulate active fluids. Several techniques such as userspecified keyframes, 4 driving force, 3 adjoint method, 20 potential field, 2 and shape force feedback 21 have been introduced to enable fluid to form the target shape. In case of dynamic target shapes, Raveendran et al. 22 introduced a volume-preserving method to morph a fluid shape. The control forces are generated in a grid as a boundary condition to keep the fluid in the target shape. However, most of these techniques require time-consuming processes and are unsuitable for real-time applications.
In view of a controllable rigid body, many control methods perform only for static target shapes. In case of forming a dynamic target shape from rigid bodies, a few feature films 23 have shown final effects similar to our simulation. But those approaches cannot easily be applied to real-time applications. We focus on controlling particles to follow user-specified paths in real time.
Controllable Particle System
The goal of our framework is to control particles to follow the user-specified path to create a dynamic target shape (here we use a human figure as a target shape) under a real-time simulation framework. The framework should be able to apply the user-specified path to any particles regardless of their initial positions and create the desired movement pattern of the particles. If a set of particles start from similar positions, the resulting animation should look like a flock movement. In addition, we want a particle to show physical behaviors. Collision with external objects may detach a particle from its attachment point. A vigorous movement of the target shape may disperse the particles as well. Such dynamic behaviors had better be created through the force field without engaging additional means.
To achieve this goal, we need to solve the following problems: (1) How to distribute particles to form a target shape, (2) how to control particles to follow the desired path, (3) how to make the particles dynamically stable in a target shape and make them exhibit plausible behavior when a target shape changes. Our approach to these problems is detailed next.
Overview
The overview of our framework is shown in Fig. 1 . First, the attraction points are defined in the target shape, which can be either static or dynamic, and the particles are assigned to the attraction points such that the stability of particles on the target shape is maintained. A user defines a global migration path for each particle through a GUI, and the attraction force fields. With a goal to make the particles have similar migration paths from any place, steering force field is then computed. The entire steps are performed in the pre-process. In the online process, the attraction and steering forces are trivially computed from the force fields depending on the relative position of a particle with respect to the attraction point. 
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Particle distribution
There are several ways to distribute particles to form a target shape. One straightforward way would be to define several attraction points in a target shape for a single particle, 2 but defining the relationship between particles and attraction points needs to be done carefully as we must consider efficiency in an attraction force computation and stability of particles while the target is moving. If a particle is assigned to all attraction points, then computation of attraction force becomes too expensive. Not only the simulation becomes slow; the particles might not form the designated shape. On the other hand, if we assign one particle to exactly one attraction point, we may lose stability of the particles when the target shape moves rapidly.
As a solution to this problem, we first divide the particles and attraction points into groups based on part of a human skeleton, e.g. hip, spine, shoulder, etc. One bone represents one attraction point group, which is assigned to a specific group of particles. Suppose that the number of spherical particles and bones are s and b, respectively. The radius of the particle is r, and the length of the bone is l. For each bone i, to fully fill the bone with particles, the minimum number of attraction points in the bone is a i = l i /2r . In total, the number of minimum particles to shape a human figure is s = b i=1 a i . The size of particle group for the bone i is determined to be proportional to a i . If necessary, we can modify a i intentionally to emphasize a volumetric shape of a particular body segment. Second, we define many to many relationships between particles and attraction points within the group in order to give some randomness in the particle attachment; one attraction point can attract several particles and one particle can also be attracted by several attraction points. However, if too many attraction points attract a particle, particles may not be distributed evenly enough to form the entire bone shape. After some experiments, we determined that three attraction points per particle give good performance. Figure 2 shows an example of particle-attraction point assignment.
Attraction force
To make the particles dynamically stable in a target shape, we define an attraction force, denoted by F a . This force keeps particles moving toward an attraction point. Designing this force is not a trivial problem. In the first attempt, we modeled the attraction force to have a constant magnitude, which creates jittering near the attraction point. Then we modeled the magnitude of the attraction force to be piecewise-linear with the distance to the attraction point, only to have the same problem. The attraction force should be mild enough to drive the particles toward the attraction points while allowing the steering force to create the desired movement shape, and be strong enough to hold the particles once attached to the desired positions. Therefore, we define the attraction force as a nonlinear function.
Let p p and p a denote positions of a particle and an attraction point, respectively. To keep a particle moving toward p a , the attraction force p a must be directed toward F a . To keep the particle stable when it reaches a target attraction point, F a must be high enough near p a . Therefore, we define F a using an exponential function as shown in Fig. 3 :
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where α 0 , α 1 , α 2 , α 3 are attraction force parameters, t denotes time, andÂ is a unit vector from p p to p a . Suppose T is the time that a particle reaches p a . Then,
The effects of the parameters α 0 , . . . , α 3 are straightforward, and thus they can be tuned intuitively. In Eq. (1), the minimum and maximum values of F a are controlled by α 0 and α 1 , respectively. Other variables, such as α 2 and α 3 , control the range of maximum F a from p a and the slope of the curve, respectively. By adjusting the parameters, the user can achieve the desired behavior of a particle regarding its tendency to be attracted by the attraction point.
User input
If we apply only an attraction force to a particle, the motion of a particle would be too simple as it flies directly toward the corresponding attraction points. Therefore, we develop a GUI for a user to create a desired trajectory of a particle. Instead of creating all trajectories for every particle, a user creates only an exemplar particle path by using 3D curve generator. Then, all the particles will follow the same pattern defined by the user-specified path, depending on the initial position of each particle.
Specifically, the 3D curve is represented with a cubic Bezier curve of which the shape is determined by four control points. Figure 4 shows an example of the curve. A user can design the curve by moving each control point interactively in GUI. Note that the desired path does not specify the desired velocity of a particle; rather, it shows only the desired shape of the movement of a particle as it approaches the attraction point.
Steering force
To realize the desired path, which is an arbitrary 3D curve, we need force element other than the attraction force because the attraction force can pull the particle only directly toward the attraction point. Therefore, we introduce an additional force that can steer the particles to follow the given path, dubbed steering force (F s ).
The steering force pushes the particle in the normal direction to the attraction force. It can be best described in the spherical coordinate system, with the attraction point located at the origin. Suppose {x, y, z} are the Cartesian coordinates of the Bezier curve. Their spherical coordinates {r, θ, ϕ} and the derivative {r , θ , ϕ } with respect to the parameter L of a Bezier curve are calculated as follows:
where x = dx dL . Other derivatives are defined similarly. Let {r,θ,φ} be the unit vectors of the spherical coordinates. Then the value of r is same as the value of d(t) in Eq. (2), and the direction of −r is same aŝ A. According to this relationship, the steering force must be in the plane made by two basis vectors (−θ) and (−φ) . To determine the magnitude in each direction, we need to calculate the rate of change in θ and ϕ-coordinates per the change in
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After that, since they define the desired behaviors of the steering force, we approximate the two functions using B-splines to compute S θ (r) and S ϕ (r) fast during the simulation. To this end, after calculating S θ (r) and S ϕ (r) for a dense set of sample points in the curve, we use the least-squares regression to determine the optimal set of control parameters of the B-splines.
During the simulation of the particles, the steering force F s is calculated simply as follows:
Experiments
We have implemented our control framework using Bullet Physics Engine (http://bulletphysics.org). We experimented with an Intel Core i7 CPU 950 processor running at 3.07 GHz and 6 GB of RAM. Our system needs an input of a target shape, which can be static or dynamic objects. In our experiment, a we used 52 frames of motion capture data as a dynamic target shape. Using the motion capture data, we implemented two scenarios: First, the particles move from initial positions to the target attraction points on the human body that moves according to the motion capture data of a bat-swing motion (Fig. 5) . One can see that the particles show dynamic response of detaching from and reattaching to the attraction points as the human body swings the hands (the fifth and sixth frames of Fig. 5 ).
The second scenario is similar to the first, but additionally an obstacle and user-created external forces disturb the particles motion (Fig. 6) . To implement the second scenario, we define a repulsion force F r from the obstacle. Suppose that r is the distance between a particle and a repulsion point. Then, we apply a repulsion force to the particle if the particle is within a certain distance D r . We define the repulsion force as
a See our demo video in http://goo.gl/RHK8ZD. where k controls the strength of the repulsion force andŴ is a unit vector from the repulsion point to the particle. Figure 7 shows that our method can make the particles follow the given path from all locations around the target shape. Here, we show two different curve shapes: Desired particle-path-1, and desired particle-path-2. We use the desired particlepath-1 for implementing results shown in Figs. 5, 6, and 8.
In Fig. 8 , we compare the result of B-spline curve fitting of S θ (r) explained in the Sec. 3.4. Figure 8 shows that the B-spline curve approximates S θ (r) reasonably well. We use twelve basic functions to approximate the target function.
In our experiments, we use 1100 particles with an integration time step of 0.017 s. For each time step, we give damping to the particle by scaling its velocity by 0.9. The simulation runs in real time with more than 30 frames per second. Overall overhead to compute proposed force models is less than 12.5% of all processing time. Our method has good scalability; time complexity of our method is linear in time. Fig. 8 . S θ (r) from the user-specified curve (particle-path-1 in Fig. 5 ) and the corresponding B-spline curve.
We observed that if α 1 in an attraction force is set too high, increasing the magnitude of an attraction force near the attraction points, an oscillatory behavior may occur near the target shape. However, if it is set too low, the particles would not stably remain at the attraction point when the shape changed vigorously. We used the following values for the experiments: α 0 = 2000, α 1 = 800, α 2 = 70, α 3 = 90.
Conclusion and Future Work
We described a technique to control particles to follow a desired path specified by a user under the real-time simulation framework. To this end, we first define attraction points on a target shape to attract the particles, divided them into several groups, and assigned a set of particles to each group. Then, we compute the steering force field based on the user-defined particle path and attraction force field such that the particle follows the desired path.
Using the technique, we demonstrated a large number of particles form the shape of a dynamic human figure with interesting and lively behaviors in real time. Experiments show that our method can create various shapes of particle paths. Since our method is performed under the physics simulation framework, additional physical phenomena, such as collision with the environments and perturbation from external forces, can be easily incorporated as well.
Our work has a number of limitations that should be overcome through future work. Currently, only a cubic Bezier curve has been implemented to model the user specific-path. A natural choice for creating more complex curves would be to employ piecewise Bezier curves, which can be incorporated into our framework in a straightforward manner. Another limitation lies in the distribution of attraction 
